This manuscript reports for the first time, to the best of the authors' knowledge, the in situ and non-invasive characterization of both solid and gaseous phases involved in a catalytic chemical vapor deposition (CCVD) process applied with the aim to grow carbon nanotubes (CNTs). The here reported characterization comprises the simultaneous in situ analysis of carbon nanostructure formation and growth, the deactivation of the catalyst as well as the in situ monitoring of the carbon source conversion and the accompanying thermal effects in the gas phase. Raman spectroscopy is used as in situ measurement technique and after the CCVD process, as ex situ measurement tool aiming to confirm the in situ measurements performed at harsh conditions inside the reactor (temperatures up to 1000 K).
Introduction
Carbon nanotubes (CNTs) have drawn the attention of researchers in a wide range of fields [1] , not only because of their unique properties compared to conventional materials but also because of their very promising potential applica-tions in future technologies [2] . However, the extensive use of this material requires the development of scalable and selective formation processes; among them the catalytic chemical vapor deposition (CCVD) process is considered to be the most promising because of its simplicity, its low cost and the possibility of industrial scale-up due to the relatively http://dx.doi.org/10.1016/j.carbon.2014.06.064 0008-6223/Ó 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/). low growth temperatures, high yields and high purities that can be achieved [3] [4] [5] [6] . The CCVD process involves feeding a volatile precursor into a reactor containing a heated substrate. Typically, transition metal nanoparticles are used to catalyze the thermal decomposition of the precursor leading to CNT formation and growth [7] . Chemical reactions occur in the gas phase and on the heated substrate and are accompanied by the production of exhaust by-products that leave the reactor together with residual reaction gases. Even though the CNT formation and growth mechanisms by CCVD have been extensively studied in the past using theoretical models and simulations [8] [9] [10] [11] [12] , there is still no general agreement about what the actual influence of the input parameters on the resulting structures is, so that the process can be optimized towards a CNT tailor-made production. Liu et al. [13] measured CNT growth rates via a mark growth method, Lee et al. [14, 15] investigated the effect of temperature and catalysts on the CNT structure and growth, and Pirard et al. [16] quantified the catalytic deactivation during CNT synthesis. Nevertheless, there are still open questions requiring clarification. Therefore, the intermediate processes taking place inside the reactor, such as gas flow dynamics and chemical reactions in the gas phase as well as the formation and growth mechanisms in the solid phase (CNTs) should be analyzed as a whole and thus, not only limit to the analysis of input and output data in experimental studies. On that note, a few advances have been attained by applying in situ timeresolved, high-resolution transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy techniques to observe at the atomic-scale the formation of carbon nanofibers (CNFs) and evaluate the state and deformability of the catalyst during the growth process [17] [18] [19] . These experiments have provided a deeper qualitative insight into the occurring processes inside the reactor, validating some aspects of the theories previously mentioned but still, contradicting results with respect to the underlying CNT formation mechanism are on hand.
To date, Raman spectroscopy has been extensively used for the structural ex situ characterization of carbon-based materials as well as for studying their basic properties, mainly owing to its richness in information content. Recent studies have also demonstrated that Raman spectroscopy can be used to monitor the emergent solid phase in real time and thus, to follow the growth of single-walled carbon nanotubes (SWNTs) by imaging them down to the single nanotube level [20] . Hence, the related growth kinetics and catalyst self-deactivation dynamics can be accessible in situ as well [21, 22] .
On this account, our approach is focused on implementing this powerful measurement technique not only to monitor the emergent solid phase in situ but also the gas phase at the same time. First, we have reported our measurement strategy to monitor in situ the gas phase temperature and the carbon source conversion by applying Raman spectroscopy near the substrate at CCVD operation conditions but without using a catalyst in the first instance [23] . From the accomplished temperature and composition measurements, information was derived about potential exhaust gas recirculation entraining into the fresh feed gas in the upflow cold wall reactor. Further, we applied Particle Image Velocimetry (PIV) to characterize the flow field arising close to the substrate surface also at CCVD operation conditions, so that we can knowingly select the process parameters that would be beneficial for the CNT deposition [24] .
With the knowledge of the gas flow behavior and having proved the measurement technique for the in situ analysis of the gas phase, we have extended the Raman spectroscopy setup, so that we are now able to analyze both, the gas and solid phases in situ and simultaneously. Hence, to the best of our knowledge, the here reported approach enables for the first time the simultaneous in situ quantification of relevant physical variables in the gas phase, such as the gas temperature and the carbon source conversion as well as the monitoring of the solid phase with regard to the moment of nucleation, time range of growth and catalyst deactivation but also quantitatively regarding the defect and disorder content in the growing carbon nanostructures on the basis of the well-known D/G Raman ratio [25] . Two CCVD experiments implementing catalysts resulting from two different preparation methods were carried out in order to assess the catalyst performance as well as to test the capabilities of the here reported in situ Raman spectroscopy setup.
2.
Experimental details 2.1.
Optically accessible cold wall reactor
The CCVD process is carried out in a self-designed, verticallyoriented and optically accessible cold wall reactor, which is operated with an upflow configuration. The reactor had been originally designed to perform in situ Raman investigations in the gas phase as it is reported elsewhere [23, 24] . Now, in order to integrate an additional Raman spectroscopy setup for the in situ analysis of the solid phase, its design was modified with regard to an additional optical access and an alternative for gas feeding. Fig. 1 shows a schematic cross-sectional drawing of the modified cold wall reactor. The main body is composed of a 250 mm-long stainless steel pipe with an internal diameter of 55 mm and a wall thickness of 5 mm. The reactor inner volume is about 600 cm 3 . At both ends of the main body, two flanges are used to attach the reactor caps and O-rings assure closeness of the system.
For the in situ Raman monitoring of both phases, the reactor is equipped with several optical accesses. For the gas phase analysis, four optical accesses in form of tubes with an inner diameter of 29 mm are welded onto the main body in crosswise arrangement. Every tube is provided with an external screw thread at its end in order to mount a cylinder-shaped screw cap containing a removable window. The window is made of the high temperature-resistant and optically qualitative quartz glass Suprasil 2, Grade A (diam. = 33 mm, thickness = 5 mm) and two refractory gasket rings provide for leak tightness, respectively. For the solid phase analysis, an additional optical access is implemented at the bottom of the reactor. This access consists of an approximately 135 mm-long stainless steel pipe of 4 mm internal diameter and 1 mm wall thickness, of which its bottom end is welded onto a bushing. This pipe was originally the gas inlet pipe used in earlier investigations [24] . The bushing at the bottom end is used to hold a window, which is made of quartz glass Suprasil 1 (diam. = 14 mm, thickness = 2 mm) and two ring packings seal the window interface. On the top end of the access pipe a focusing and concurrently collecting lens for the solid phase analysis (see Section 2.2) is placed and held by a lens cap. By means of a nut equipped with back and front ferrules made out of perfluoroalkoxy (PFA), the optical access can not only be attached to the reactor lower cap but also vertically shifted for lens alignment.
With the new reactor configuration, the fresh feed gas is introduced through an access located in the reactor lower cap and flows through a pipe (diam. = 22 mm), which is arranged concentrically to the optical access for the solid phase analysis and is provided with a nozzle of 4 mm internal diameter and 1 mm wall thickness at its end. After the gas enters the reactor through the nozzle, it impinges the substrate surface and continues its way up to the outlet. By means of mass flow controllers (MFCs, Bronkhorst), the gas volumetric flow rate is regulated and controlled. The aspect ratio AR is defined as the ratio of the nozzle-to-substrate distance to the nozzle inner diameter and based on the results of previous experiments on the flow field [24] , a constant value of AR = 1.25 has been selected. The upper inner part of the reactor mainly consisting of the heating cartridge construction, which is used to reach and keep the desired substrate temperature, remained unmodified as described elsewhere [24] .
Raman spectroscopy setup
The entire in situ Raman spectroscopy concept consists of two independent setups for the analysis of the gas and solid phases. In order to couple both setups into the optical accesses available in the reactor, they have been aligned at different heights, so that the setup for the gas phase is adjusted 180 mm higher than the setup for the solid phase analysis. Fig. 2 shows a schematic of the entire measurement arrangement, where the CCVD reactor, the excitation and detection paths as well as the involved optical components and instrumentation can be seen. The Raman spectroscopy setup for the in situ gas phase analysis has been previously described in detail elsewhere [23] . Therewith, it is possible to attain signal-to-noise ratios (SNRs) up to 94, despite of the rather unfavorable conditions given by the low number density of gaseous molecules available in the measurement volume. For that purpose, two measures have been undertaken. On the one hand, the 400-pixel axis of the EMCCD camera, which indicates the spatial resolution, was binned entirely to achieve an average spectrum of a heating support plate, 5: heating cartridge, 6: heating closure plate, 7: substrate wafer, 8: optical accesses for the gas phase analysis, 9: window for the gas phase analysis, 10: lens cap, 11: lens for the solid phase analysis, 12: nozzle for the feed gas, 13: reactor lower cap, 14: feed gas pipe, 15: nut for optical access attachment, 16: window for the solid phase analysis, 17: optical access for the solid phase analysis.
3.2 mm long probe volume. On the other hand, 600 single spectra were added together in computer memory to obtain an accumulated spectrum. Four single laser shots, which have been measured to 360 mJ and temporally shifted by 1 ls, are applied for the acquisition of a single spectrum. Thus, 2400 single laser pulses are used to acquire the resulting accumulated spectrum after a total measurement time of 1 min. The spectral resolution given by the setup for the in situ gas phase analysis is 1.9 cm À1 .
A rather more detailed schematic of the Raman spectroscopy setup for the in situ solid phase analysis is shown in Fig. 3 , where both top and side views of the measurement arrangement are indicated.
A continuous wave diode-pumped Nd:YVO 4 laser, emitting light at a wavelength of 532 nm with a power of 250 mW, is used for the excitation of the solid phase. After passing a lambda-half wave plate, the laser beam enters a telescope, which is constituted of two spherical lenses (f = 100 mm and f = 50 mm), in order to collimate and contract the laser beam diameter by half. This is particularly important to achieve good coupling into the optical access afterwards. A beam splitter, which is highly transmissive for wavelengths longer than 545 nm and highly reflective for the excitation wavelength, directs the laser beam to a 45°-mirror, which is located underneath the reactor and which is highly reflective (99%) for wavelengths in the range of 400-750 nm (see Fig. 3b ). Further, the laser beam is brought into the optical access and reaches a spherical lens (diam. = 6.5 mm, f = 18.4 mm), which focuses it onto the substrate surface. The lens is positioned on the upper end of the optical access and fixed by a lens cap made out of stainless steel. In order to adjust its focal length onto the substrate surface accurately, a linear translation stage with a micrometric drive is attached to the optical access pipe so that the optical access and consequently, the position of the lens can be vertically shifted. However, this can only be achieved as long as the nut that connects it to the reactor lower cap is open. This means that the lens alignment should be handled prior to the CCVD since during the process the nut needs to be tightly fixed. The alignment of the focal length, accordingly carried out at room temperature, turned out not to be valid for the operation conditions during the CCVD process since due to the elevated operation temperature (T substrate = 953 K), thermal expansion of the heating cylinder occurs, thereby shortening the interspace between the substrate surface and the lens and thus, deteriorating the previously handled alignment. Hence, to align the focal length correctly at room temperature, the exact thermal expansion of the heating cylinder has to be taken into account and for that purpose, it has been measured to be 1.67 mm from photographs taken at room and operation temperature, as shown in Fig. 4a and b, respectively.
The Raman spectroscopy setup for the in situ solid phase analysis is arranged in backscattering direction, i.e. the scattered light is collected by the same focusing lens (f = 18.4 mm) at 180°with respect to the laser excitation direction. Thus, the elastically and inelastically scattered light is guided all the way back through the optical access to the 45°-mirror and then to the beam splitter. By means of the beam splitter and a long pass filter (highly transmissive for wavelengths longer than 539 nm), the interfering strong elastically scattered light is removed. Further, the inelastically scattered light is focused by an achromatic doublet (f = 100 mm) onto the entrance of a round-to-linear fiber bundle, which guides the Raman signals to a spectrometer (QE65 Pro, Ocean Optics) provided with a back-illuminated CCD sensor (1024 · 58 pixels of size 24 · 24 lm 2 ). The fiber bundle consists of seven single fibers with a core diameter of 100 lm each. While the single fibers are circularly arranged at the entrance, at the end they are newly ordered in a linear alignment. This configuration ensures a good coupling of the Raman signals on the round side and serves as an entrance slit of the spectrometer on the linear side. The exposure time for the acquisition of a single spectrum has been max. 2 s and the given spectral resolution is 5.6 cm À1 .
In order to additionally perform post-CCVD Raman measurements on the substrates, an ex situ Raman spectroscopy setup is integrated into the in situ arrangement as shown in Fig. 3a . By inserting the indicated removable mirror for ex situ Raman, the laser beam is restrained to enter the reactor but is reflected at 45°in the same optical plane and reaches a spher-ical lens (diam. = 6.5 mm, f = 18.4 mm), which is identical to the one located inside the reactor. By means of this lens, the laser beam is focused onto the substrate, which is attached onto a two directional translation stage to facilitate the measurement at different spots on the substrate surface. Therewith, the ex situ Raman setup enables spectra acquisition of the grown carbon nanostructures with a higher SNR than in situ due to the better possibilities for lens alignment at room temperature and consequently, a more precise spectra evaluation is achieved. Hence, by conducting ex situ Raman measurements on the substrate wafers, it is possible to validate the measurements carried out in situ with regard to representativeness and accuracy of the estimated D/G ratio. Fig. 5 shows the measurement locations for the in situ Raman monitoring of the gas and solid phases as well as the measurement region for the ex situ characterization of the deposited carbon nanostructures. For the gas phase analysis, the measurement location is not a point but a line with a length of 3.2 mm, which is located 1 mm underneath the substrate wafer along the optical axis of the excitation direction. In order not to limit the gas phase analysis to one single location underneath the substrate, a translation stage with micrometric drive is installed to enable lateral shifting of the reactor without having to realign the spectroscopy setup. Thus, for a given experiment, the lateral measurement location of the gas phase can be adjusted as desired. Within the scope of this study, either location A (see Fig. 5a ), which is located centrally underneath the wafer or location B, which is located underneath the border of the wafer, can be selected. The reason of selecting these particular two locations is to analyze the gas phase parameters when the gases first impinge onto the wafer (location A) and after interaction with the wafer and catalyst (location B). Since the dimensions of the wafer are 10 · 10 mm, B is shifted 5 mm to the right of A from the detection side perspective.
Measurement locations for the in situ and ex situ investigations
For the in situ Raman analysis of the emerging solid phase, the laser beam is focused in the center of the substrate surface onto a single spot, whose diameter is estimated to be approximately 3 lm (see Fig. 5b ). Additionally, the central region of the substrate corresponding to an area of 4 mm 2 , which is indicated by the dashed square in Fig. 5b , has been selected to apply ex situ characterization techniques, such as Raman spectroscopy (with the setup shown in Fig. 3a ) as well as scanning electron microscopy (SEM) and highresolution TEM.
Experimental procedure
In the CCVD process, the fresh feed flow is composed of nitrogen, hydrogen and acetylene with a defined composition. Nitrogen (N 2 5.0, Linde Gas), with a purity of more than 99.999%, serves as carrier gas since it is not involved in the gaseous chemical reaction and it conforms the major fraction of the total feed flow rate. Hydrogen (H 2 5.0, Linde Gas) shows a purity of more than 99.999% and is used as a supporting reductive gas to improve catalyst utilization for CNT formation avoiding the deposition of amorphous carbon [16] . Acetylene (dissolved, Linde Gas), which is the carbon feedstock, is available with a purity of more than 99.5%. Silicon wafers are used as catalyst substrates and are provided with diverse support layers, e.g. Al 2 O 3 or SiO 2 . For the preparation of the Fe 2 O 3 catalyst nanoparticles, two different methods are applied, namely spin coating [26] and metal organic chemical vapor deposition (MOCVD) [27] . After catalyst preparation, the substrates provided with the corresponding catalysts are transferred to the CCVD reactor and during the heating-up process for reaching the CCVD operation temperature (T substrate = 953 K), N 2 and H 2 are fed in a 2:1 volumetric ratio to reduce the Fe 2 O 3 catalyst to elemental Fe.
Two CCVD experiments, designated as I and II, have been carried out applying in situ Raman monitoring of the solid and gas phases. The selected operation conditions are summarized in Table 1 .
Numerical approach for spectra evaluation
To attain a quantitative interpretation of the measured data, an improved numerical approach for spectra evaluation has been implemented in a MATLAB routine. The improvement in the evaluation strategy primarily consists in making it standardized, so that the manual influence of the user is minimized in the output [28] .
The MATLAB routine involves in the first instance a baseline generation and correction, a peak and peak border detection algorithm as well as a peak fitting procedure prior to the calculation of the peak integrals, peak heights and peak full widths at half maximum (FWHM). An exact detection of the baseline and subtraction from the effective signal is executed via the adaptive iteratively re-weighted penalized least squares method [29] . The relevant peaks and peak borders are detected considering the first (slope) and second derivatives (curvature). To distinguish between noise and peaks, an intensity threshold value is designated. Subsequently, the detected peaks are fitted to the most suitable ideal line shape, e.g. Lorentzian or Gaussian.
Regarding the analysis of the gas phase Raman spectra, the integrals of the previously fitted peaks are first computed via trapezoidal numerical integration. Taking advantage of the feed flow composition (N 2 , H 2 and C 2 H 2 ), it is possible to determine both the gas temperature and gas mixture composition departing from the information contained in a single Raman spectrum. On the one hand, the temperature of the gas flow is evaluated by analyzing the peak integrals of the pure rotational Raman lines of hydrogen, which can be identified as J1, J2 and J3 in Fig. 6 . The population of the respective molecular rotational energy levels is known to be a function of temperature, which follows Boltzmann statistics [30] . Thus, the rotational temperature is achieved by performing a least squares linear fit to the rotational lines J1, J2 and J3 on a Boltzmann plot, since they are temperature dependent. On the other hand, the composition of the gas flow is determined by analyzing the peak integrals of the Stokes vibrational Raman Q-branches of the nitrogen and hydrogen molecules and of the C-C vibration band of acetylene (also shown in Fig. 6 ). The peak integrals can be considered to be directly proportional to the number density of the nitrogen, hydrogen and acetylene molecules, respectively. The effect of temperature onto the Raman scattering cross section under CCVD operation conditions was accounted for [31] . Consequently, the acetylene conversion fraction X C 2 H 2 , which describes how much acetylene has been decomposed with respect to the feed acetylene concentration, can be monitored indirectly by measuring the gas composition. Calibration measurements were carried out at different adjusted gas compositions at room temperature.
Regarding the Raman spectra acquired in the solid phase, some challenges within the evaluation routine had to be overcome. Firstly, it has been the handling of the perturbing Raman signals of the Si/Al 2 O 3 and Si/SiO 2 wafers as well as the borosilicate glass of the lens and windows, which appear very close to the D band and consequently, make the peak fitting procedure difficult. Secondly, the D and the G bands often overlap to some extent, so that in these cases multiple peaks have to be fitted via a peak deconvolution algorithm [32] . For a reliable quantification of the D/G ratio, not only the integrals but also the heights and FWHMs of the previously fitted peaks are calculated to take into account the Raman band broadening effects. Thus, the ratio of the peak integrals A D /A G as well as the ratio of the peak heights I D /I G accompanied by the line widths FWHM-D and FWHM-G are estimated.
Results and discussion
The Fe 2 O 3 catalysts formed by the two different preparation methods result in distinct particle sizes and size distributions, as can be observed in the SEM images presented in Fig. 7 . Fig. 7a shows the as-prepared Fe 2 O 3 catalyst by spin coating on a Si/Al 2 O 3 substrate for experiment I. On the substrate surface, large dark spots can be noticed. The catalytic material gathers in these spots during the preparation procedure and thus, no uniform spreading is attainable and insular structures are formed. Single catalyst particles cannot be identified on the basis of the SEM image, but a few rather large particle clusters. In contrast, Fig. 7b shows that the Fe 2 O 3 catalyst used for experiment II, which was prepared by MOCVD on a Si/SiO 2 substrate, exhibits a rather narrow size distribution and comparatively, a higher particle density and smaller particle sizes of about 20-50 nm. Thus, the application of two different sized catalysts with distinct substrates and support layers at similar CCVD operation conditions enables us assessing the catalyst performance and its effect on the gas and solid phases as well as on the resulting nanostructures. Moreover, for both experiments I and II, rather large catalyst particle diameters are on hand and consequently, not only CNTs (more likely multi-walled nanotubes (MWNTs) and not SWNTs) but also CNFs, amorphous carbon and other carbon nanostructures are likely to be formed. The expected variety of carbon nanostructures enables us to test the capabilities of the measurement technique when different morphologies are on hand and thus, contribute together to the observed signals as well as to identify how the related Raman features arise in situ.
3.1.
In situ Raman monitoring of the solid phase Meanwhile, the Raman features arising from the photophysical and mostly resonant scattering process in nanocarbon materials, e.g., graphite, graphene, amorphous carbon, CNTs and CNFs, are well known [33] . Particularly relevant for the here reported studies are the so-called D and G bands, with Raman shifts located at approximately 1350 cm À1 and 1590 cm À1 , respectively. The first-order-allowed G band involves the in-plane bond stretching motion of pairs of C sp 2 atoms at all sites, so that this mode does not require the presence of sixfold rings. The double-resonant D band is a breathing mode, which is forbidden in perfect graphite and only becomes active in the presence of defects and disorder; it is dispersive and its intensity is strictly connected to the presence of sixfold aromatic rings [34] . Thus, by monitoring the appearance and development of the characteristic D and G Raman bands, we are able to trace in situ the formation and growth of carbon nanostructures inside the cold wall CCVD reactor. As mentioned in Section 2.2.1, the emergent solid phase is monitored within a centrally-located spot of approximately 3 lm in diameter, so that the acquired Raman signals are the result of the contribution of all nanocarbons grown in the spot. Thus, when different carbon nanostructures are likely to be grown, a distinction between CNTs, CNFs and amorphous carbon cannot be established beforehand on the basis of the in situ Raman spectra, but post-CCVD SEM and TEM analysis is necessary. For this reason, we refer the emerging solid phase to as nanocarbons or carbon nanostructures in the first instance. The time-resolved raw Raman spectra acquired in situ from the emerging solid phase of experiments I and II are illustrated in Fig. 8a and b, respectively. The indicated Raman signal of SiO 2 in both experiments may be attributed to the substrate wafer, the borosilicate glass of the focusing/collecting lens and also to the quartz glass window of the optical access. Furthermore, the doubled exposure time selected for experiment I explains the comparatively high Raman signal intensities acquired, as the same laser power (250 mW) was applied in both experiments.
Analyzing first the raw spectra shown in Fig. 8a , it can be noticed that during the first 6 min after the onset of the reaction, i.e. after acetylene addition to the feed flow, the Raman spectra only exhibit the SiO 2 peak but no D and G bands are observable. This indicates either that any nanocarbons are formed yet or that the SNR is still too low to identify the D and G bands out of the noise level. Considering now the spectrum acquired at t = 7 min, first changes in the spectral region of interest are observed, corresponding to the moment when the Raman signals of nanocarbon formation are first detectable. In the further course, the Raman signal intensities of the D and G bands increase considerably until t = 15 min, indicating the time for growth or for the formation of more carbon structures. After the fifteenth minute, any changes in both peak intensities cannot be observed. Thus, in a qualitative manner, it can be stated that the nanocarbon formation in experiment I starts not before the sixth minute after acetylene addition. Thereafter, the carbon nanostructures grow or more nanocarbons are formed, as it is noticeable from the intensity increase of the D and G bands until the 15th minute and subsequently, it slows down and stops until no further change is observable. Because the peak intensities stay invariant from the fifteenth minute on, no more nanocarbons grow anymore as the catalyst is likely deactivated. Hence, merely on the basis of the raw data it is already possible to draw significant conclusions about what happened inside the CCVD reactor with regard to the moment of formation, growth and catalyst deactivation.
Considering now the raw Raman spectra shown in Fig. 8b , it is possible to monitor once more the temporal evolution of the D and G bands and accordingly, the formation and growth of the emergent carbon nanostructures. Contrary to what has been observed in experiment I, here a rather rapid catalyst activity is noticed as already at short times after acetylene addition, first spectral changes are found. At t = 30 s, the characteristic D and G bands are visible for the first time. Subsequently, more nanocarbon formation and growth proceed considerably according to the increase of both D and G band intensities. However, after 1 min yet the intensity increase ceases, so that the deposition might be potentially completed as a result of a rapid catalyst deactivation.
Thus, based on the raw spectra acquired in situ out of the emerging solid phase in both experiments, it is also possible to gain information about the catalyst performance. The catalyst prepared by MOCVD (experiment II) shows hereby a faster catalytic activity, which is reflected in the rapid formation process but also in the rapid catalyst deactivation, probably due to catalyst covering with amorphous carbon. Contrary to this behavior, the catalyst prepared via spin coating (experiment I) exhibits a rather long delay time to initiate the nanocarbon formation and since longer growth times are observed, a longer catalytic activity is on hand. Hence, by qualitatively monitoring the catalyst activity and consequently, the formation and growth of the carbon nanostructures through the temporal development of the D and G bands, the CCVD process can be better understood, controlled and optimized with regard to one relevant parameter, which is the deposition time t CCVD .
Not only qualitative insight can be gained from the in situ Raman spectra, but also quantitative information on the basis of the D/G ratio, which is frequently used as a reliable parameter to assess the degree of disorder and defect content in carbon materials. As the D band is associated with the presence of defects and disorder, the lower the D/G ratio, the better the structural quality of the carbon material. Since the shapes and line widths of the D and G Raman bands are known to be strongly affected by several factors, like clustering of the sp 2 phase, bond disorder, presence of sp 2 rings or chains [34] , it should be clarified whether the ratio of the peak heights I D /I G or the ratio of the peak integrals A D /A G is the most adequate to assess the quality of the carbon nanostructures grown in experiments I and II.
For a better visualization of the resulting peak shapes available in experiments I and II, Fig. 9 exemplarily shows two raw Raman spectra, which have been acquired ex situ in the central region of the substrates and thus, exhibit a better SNR than the in situ spectra shown in Fig. 8 .
The normalization to the respective G band maxima enables a clear visualization of the shapes of both bands as well as the D peak heights. Since the Raman bands show some degree of overlapping in both spectra (I and II), the resulting multiple fitted peaks with their corresponding heights and FWHMs are indicated. When comparing the peak shapes first, it can be noticed that in experiment II comparatively narrow line widths of both bands are on hand and therefore, the degree of overlapping of the D and G bands is less. In experiment I in contrast, the G and especially the D band exhibit a large line width and thus, overlap to a higher extent. The D bands feature different peak heights: for experiment II, the D peak height is larger than G and for experiment I, lower. In general, as recently reported by Canç ado et al. [35] , it is recommended that for small disorders or perturbations, one should always consider the ratio of the peak integrals A D /A G , as the area under each peak represents the probability of the whole process, considering uncertainty. However, for large disorder and broad line widths, as it is likely to be in experiments I and II, it is far more informative to decouple the information on peak intensity and FWHM, to separately evaluate the ratio of the peak heights I D /I G and the peak broadening effects. Nevertheless, in the following we report both I D /I G and A D /A G ratios for comparison. Fig. 10 summarizes the resulting quantitative analysis of the emergent solid phase of experiment I. As previously mentioned in Section 2.3.1, the challenge in estimating a reliable in situ D/G ratio is accounted for by the strong overlapping of the SiO 2 peak with the D band and between both D and G bands. This is particularly eminent in experiment I, where a peak deconvolution algorithm had to be applied to evaluate the peak heights, FWHMs and integrals and therewith, the ratios of the peak heights I D /I G and the ratios of the peak integrals A D /A G . Thereby, the lowest fitting errors (5.14% in average) have been accomplished by fitting the corresponding D and G bands to ideal Gaussian line shapes. Fig. 10a shows in the first instance the resulting I D /I G and A D /A G ratios as a function of the reaction time. As it has been stated in the context of the qualitative analysis of the raw spectra shown in Fig. 8a , the onset of nanocarbon formation does not occur until the time period between the sixth and seventh minute after start of reaction. However, the estimation of the I D /I G and A D /A G ratios has been carried out starting at t = 8 min, since the SNR at t = 7 min is still low for a reliable data evaluation owing to the still low population of growing nanostructures that contribute to the observed signal. When analyzing the temporal progress of both I D /I G and A D /A G ratios shown in Fig. 10a , no clear changes in the structural quality of the growing carbon nanostructures but a rather constant D/G level is visible. According to what has been observed in Fig. 8a , the nanocarbons grow between the seventh and the fifteenth minute after acetylene addition, however, according to Fig. 10a , their disorder and defects content remain invariant in this period of time. This means that once the nanocarbons form, they essentially grow without changing their original structural quality or more nanocarbons are formed with similar disorder and defect content until the catalyst is deactivated. Since both I D /I G and A D /A G ratios do not significantly change over the regarded reaction time (t = 8-30 min), their mean values have been estimated to I D /I G = 1.054 ± 0.011 and A D /A G = 2.205 ± 0.088, as listed in Table 2 . The disparity in the resulting D/G ratios shows why it is important to select the most appropriate D/G ratio for the structural quality assessment of the growing nanocarbons. By looking at the temporal progress of the D and G peak heights and integrals shown in Fig. 10b , it can be noticed that the peak heights of both bands develop equally during the entire regarded reaction time leading to I D /I G $ 1. The peak integrals, on the contrary, develop differently, so that the D peak features an area approximately twice that one of the G peak, leading to A D / A G $ 2. Thus, if I D /I G $ 1 and A D /A G $ 2, then the D line width should be twice that one of the G band (as it is reported in Table 2 ) and thus, should be exclusively the reason of the disparity between the estimated I D /I G and A D /A G ratios.
Additionally to the in situ Raman results in the solid phase of experiment I, the substrate wafer has been analyzed ex situ via Raman spectroscopy using the setup depicted in Fig. 3a in sixteen different measurement points within an area of Fig. 5b ). The estimated ex situ mean values of the I D /I G and A D /A G ratios and their corresponding standard deviations are indicated in Fig. 10a and in Table 2 . First, the low standard deviations of the D/G ratios estimated ex situ suggest that carbon nanostructures with rather similar structural quality have been likely grown over larger areas on the substrate, when compared with the in situ measurement spot of 3 lm in diameter. Thus, this shows that the in situ monitoring of the nanocarbon formation carried out at a single point on the substrate in experiment I is certainly representative for larger areas within the central region of the substrate. Further, when considering the absolute values of the D/G ratios, it can be noticed that a good correlation between the I D /I G ratios estimated in situ and ex situ exists, which is an indication for the reliability of both the practical implementation of the in situ Raman spectroscopy setup and the numerical approach for spectra evaluation. However, the ex situ A D /A G ratio exhibits a significant lower value than the in situ A D /A G ratio. This can be explained by analyzing the corresponding band line widths listed in Table 2 , which both have been estimated to be larger in situ than those measured ex situ, especially in the case of FWHM-D. Thus, the stronger in situ peak broadening, in this case particularly significant for the D band, might be attributed to the high temperature available during the CCVD process, which has already been reported to have a broadening effect on the Raman band shapes [20, 36] . Consequently, the nanocarbons characterized ex situ at room temperature feature a narrower D line width and thus, a comparatively lower A D /A G ratio. Fig. 11 shows the quantitative analysis of the growing solid phase of experiment II. Due to the comparatively narrower line widths of the D and G bands previously shown in Fig. 9 , they do not overlap as much as the bands of experiment I. However, due to the still available degree of overlapping and due to the disturbing SiO 2 peak, the application of a multiple peak fitting algorithm was necessary to evaluate the ratios of the peak heights I D /I G , the peak FWHMs as well as the ratios of the peak integrals A D /A G . In this case, the lowest fitting errors (5.14% in average) have been attained by fitting the D and G bands to ideal Lorentzian line shapes.
Regarding first the course of the I D /I G and A D /A G ratios during the reaction time shown in Fig. 11a , it is noticeable that apart from the ratios corresponding to t = 30 s, the D/G level rather remains within a constant range from the first minute on. This course can be explained on the basis of the qualitative development of the D and G bands shown in Fig. 8b , since they reveal that the nanocarbon formation in experiment II occurs rapidly within the very first minute after acetylene addition and afterwards, the catalyst is deactivated. Thus, the rather constant D/G ratios in the time period t = 1-30 min corresponds to the time, in which the catalyst had been poisoned and no further deposition takes place. Further, the increment of the estimated D/G ratios from t = 30 s to the first minute may be attributed to the fact that the nucleated carbon nanostructures in experiment II do deteriorate their structural quality during their short growth time until the deposition is terminated. The values of the ratios at t = 30 s have been estimated to I D /I G = 1.124 and A D /A G = 1.572 whereas the mean values for the time period t = 1-30 min arise to I D /I G = 1.459 ± 0.037 and A D /A G = 2.083 ± 0.082, as reported in Table 2 . Nevertheless, it has to be taken into account that at t = 30 s a rather low SNR is on hand and larger errors in the data evaluation are involved. Similar to what has been observed in the quantitative analysis of the solid phase of experiment I, a disparity between both estimated I D /I G and A D /A G ratios is noticeable but less significant in this case. For a better understanding of the attained D/G ratios, Fig. 11b shows the temporal progress of the D and G peak heights and integrals. In contrast to Fig. 10b , here not only the peak integrals but also the peak heights of both bands develop differently, in such a way that both D peak heights and integrals are invariably larger than those of the G peak. Consequently, both I D /I G and A D /A G ratios in experiment II are larger than one, whereby A D /A G > I D /I G , which essentially matches the disparity trend observed also in experiment I. However Table 2 to be significantly narrower than those of experiment I, whereby the FWHM-D is broader than FWHM-G as it is the case in experiment I but to a lesser extent, so that (FWHM-D/FWHM-G) II < (FWHM-D/FWHM-G) I . Thus, this information on the FWHMs explains both the comparatively lower peak integrals and lower A D /A G ratios estimated for experiment II.
By means of ex situ Raman characterization, mean values of the I D /I G and A D /A G ratios as well as their corresponding standard deviations have been estimated from at least sixteen measurement points and the results are indicated in Fig. 11a and in Table 2 . Regarding first the estimated standard deviations, it can be noticed that they are larger compared to those of experiment I, but still low to suggest that carbon nanostructures with rather similar structural quality over larger areas on the substrate have been likely grown. Similarly to the results of experiment I, a strong correlation between the absolute values of the I D /I G ratios estimated in situ and ex situ is noticeable whereas an underestimation for the ex situ A D / A G ratio is on hand. The reason is here attributed, as it is the case of experiment I, to the comparatively narrower band line widths of the ex situ measurements (see Table 2 ), which are available due to the absence of the high-temperature induced peak broadening.
In order to find out what kind of nanostructures have been grown and thus, understand the meaning of the D/G Raman ratios previously discussed, ex situ characterization of the nanocarbons deposited in the central region of the substrates has been performed via SEM and TEM. Fig. 12a-c show the ex situ SEM images from the resulting nanocarbons of experiment I. In the first instance, it can be noticed that the probed area is covered with CNT-like, cross-linked insular structures and no other kind of carbon materials, like amorphous carbon, can be identified. The structures seem not to have grown aligned over the whole substrate surface but distorted, nesting in sort of catalyst islands and spreading laterally along the substrate. The CNT-like structures feature diameters of about 15 nm (Fig. 12c ). On the basis of the HR-TEM images acquired from the same sample ( Fig. 12d-f ), previous SEM observations are confirmed and additionally, it is revealed that the so far described CNT-like structures are actually composed of nanocrystalline graphite forming a kind of helical or twisted CNFs. Dong et al. [37] suggest that helical nanofibers are formed when small catalyst particles (<100 nm) are applied, yet particles with a size larger than 100 nm favor the growth of linear fibers. As assumed prior to the CCVD process, any SWNTs have been identified in the deposited material. The catalyst particles were only observed to be located at the CNF tips, indicating that tip-growth was the underlying growth mechanism in experiment I. Regarding now the ex situ characterization of the structures grown in experiment II, the SEM images depicted in Fig. 12g-i show that the major part of the examined area is covered with comparatively more deposited material, consisting mainly of amorphous carbon and tube or fiber-like structures with different dimensions. In some locations, mainly amorphous carbon, encapsulated particles and only a few short tube-like structures have been deposited (see Fig. 12h ). The detected tube-like structures exhibit strong diverging diameters in the range of 50-160 nm (Fig. 12h and i) . Correlating these observations with the HR-TEM images shown in Fig. 12j -l, it can be confirmed that different kinds of carbon morphologies of comparatively large diameters have been deposited: CNFs, tube-like structures covered with amorphous carbon and rather smallersized bamboo-structured multi-walled nanotubes (BMWNTs). Like in experiment I, any SWNTs were grown during experiment II and in contrast to experiment I, here both tip and base-growth mechanisms were on hand, as the catalyst particles were located at the base and tips of the carbon nanostructures.
Addressing again the quantitative analysis of the solid phase in experiments I and II, it is noteworthy the relevance of broadening of the Raman bands, its effect on the estimated D/G ratios and consequently, on the resulting structural quality assessment. This reinforces the suggested approach of decoupling the information on peak heights (I D /I G ratio) and FWHMs, in order to better analyze the structural and broadening effects separately.
By first analyzing the structural quality of the growing or grown carbon structures, the in situ as well as the ex situ estimated I D /I G ratios suggest that the degree of disorder and defect content of the carbon nanostructures grown in experiment I is less than those formed in experiment II. When establishing a correlation between the Raman results with the corresponding SEM and HR-TEM images, it is possible to understand first that rather large I D /I G ratios have been obtained for both experiments in general, since any SWNTs and MWNTs and CNFs containing defects were grown. In the case of experiment I, as the twisted CNFs are composed of an aggregate of crystalline nanoclusters of different size, shape and orientation, the in-plane crystallite size is small and according to Ferrari et al. [34] , it correlates with an increment in the D band intensity thereby resulting in a rather large I D /I G ratio. In the case of experiment II, the grown CNFs, catalyst particles and the BMWNT were observed to be covered with amorphous carbon. By looking into the BMWNT walls, defects can be also identified. Summarizing, the reason why the degree of disorder and defect content of the carbon nanostructures grown in experiment II is higher than those formed in experiment I is due to the presence of amorphous carbon in experiment II, which contributes worsening the monitored quality ratio.
The reasons that play a major role in the Raman peak broadening arising from the carbon nanostructures grown in experiments I and II are to be discussed here. In the first instance, because in situ and ex situ Raman spectroscopy was applied to analyze the carbon structures growing or grown on the corresponding substrates without sample purification, rather broad Raman bands are on hand owing to the strong interaction of the nanocarbons with the substrate wafer and with neighboring structures [38, 39] , since isolated, suspended tubes feature considerably narrower line widths [25] . Moreover, based on the in situ characterization of the emerging carbon nanostructures, it has been observed that a further peak broadening occurs due to the high temperature available at CCVD operation conditions, which has been reported to have a broadening effect on the Raman line shapes [20, 36] . In the case of experiment I, where broader line widths of the Raman bands are on hand, a high degree of disorder and the presence of unorganized carbon in the sample is suggested [40] . Owing to the comparatively low D peak height and broad line width, aromatic ring orders other than six might be available within the nanocrystalline layers [34] . Particularly the broadening of the D peak can also be associated with a distribution of clusters of different dimensions [41] , which correlates well with the nanocrystalline graphite structure observed in the HR-TEM images. Similar Raman spectra of nanocrystalline carbon films have been reported by Chu et al. [42] . In addition, the Gaussian line shape of the Raman bands suggests that a normal distribution of clusters is available, since generally the Raman bands in carbon materials exhibit a Lorentzian line shape [43, 44] . Another explanation for the Gaussian line shape could be the random distribution of phonon lifetimes [34] or the fact that helical or twisted CNFs exhibit a different inner structure than dimensionally similar nanotubes and thus, different electronic properties which lead to distinct line shapes. In the case of experiment II, the line widths of the Raman bands better fit to ideal Lorentzian line shapes and are narrower than those of experiment I, but still broad to suggest a certain degree of disorder available in the sample [45] . In combination with the high I D /I G ratio available mainly due to the deposition of amorphous carbon and high-defective MWNTs and CNFs, it can be inferred that no further broadening effects but those specifically arising from amorphous carbon are on hand.
3.2.
In situ Raman monitoring of the gas phase
Simultaneously to the in situ measurements of the emergent solid phase, the gas phase of experiments I and II was also monitored by applying Raman spectroscopy. Fig. 13 shows the temporal progress of the gas temperature and the acetylene conversion fraction X C 2 H 2 during experiments I (at location A) and II (at location B). The progress of the two monitored variables is only shown for the time period t = 1-10 min, as later gas temperature and X C 2 H 2 for both experiments exhibit a rather constant course. In order to better assess the gas parameters of experiments I and II, additional experiments were carried out and monitored at the same CCVD operation conditions and measurement locations as I and II, but without the use of any catalyst. The resulting mean values and standard deviations are integrated in Fig. 13 for comparison.
Regarding first the temporal progress of the gas temperature, no significant fluctuations at the time instants of carbon nanostructure formation for the respective experiments (t I = 6 min and t II = 0.5 min) nor over the entire regarded time period can be observed but a rather relatively even course. Thus, by calculating the average gas temperature, temperature levels of T I = 956 ± 16 K and T II = 973 ± 19 K are attained for experiments I and II, respectively. For comparison, the average gas temperature values for the experiments conducted without any catalyst are T A-without_cat = 959 ± 30 K and T B-without_cat = 1060 ± 68 K at locations A and B, respectively.
As it can be noticed, all gas temperatures measured at locations A and B, with and without catalyst are higher than the wafer temperature T substrate = 953 K. This is attributed to the exothermic decomposition of acetylene in the gas phase, which is measurable at the respective measurement locations in the vicinity of the substrate surface [46] . Moreover, it is noticeable that T B > T A , since B is located 5 mm horizontally apart from A, implying that the gas trajectory to arrive location B is longer than for arriving A and thus, the gas is heated more due to its longer residence time until reaching location B. The latter applies in the case, where no catalyst is implemented. However, when applying a catalyst, as in experiments I and II, different thermal processes arise additionally. Since the adsorption of the carbon source, carbon diffusion through the catalyst bulk or over the catalyst surface and the precipitation of elemental carbon are reported to be endothermic processes [12, 47] , a gas temperature reduction close to the substrate is expected in case that the endothermic processes prevail over the exothermic decomposition of the carbon source. When comparing first the gas temperatures measured at location A, we find that T I $ T A-without_cat , which implies that the endothermic processes taking place 1 mm centrally underneath the catalyst implemented in experiment I do not dominate over the exothermic decomposition of the carbon source. This is confirmed by the rather slow catalyst performance observed during in situ Raman monitoring of the solid phase and by the resulting low carbon yield determined by the SEM and HR-TEM images shown in Fig. 12a-f , where comparatively few carbon structures were deposited. With respect to the gas temperatures measured at location B, we find that T II < T B-without_cat , which means that in this case, the endothermic processes taking place in the presence of the implemented catalyst in experiment II prevail over the exothermic acetylene decomposition, thereby inducing a gas temperature reduction. This statement is further supported by the previously shown results regarding the in situ monitoring of the solid phase and ex situ SEM and TEM characterization of the resulting carbon nanostructures, as they reveal a higher catalyst activity in experiment II with resulting higher carbon deposition yields, which might imply more dominant endothermic processes than in the case of experiment I.
In principle, a constant temporal progress of the gas temperature at the respective measurement locations close to the substrate is an indication that no greater recirculation of the participating gases with coincidental vortex generation occurs within the flow field and therefore, a likely uniform growth is favored. However, in the outer region of the reactor, temperature and consequential density gradients may arise because of the colder reactor wall, possibly influencing the gas temperature at measurement location B. This might be the reason why the temperature standard deviations are larger at location B than at A. Furthermore, it is also noticeable that when applying a catalyst, the gas temperature fluctuations are less, so that the arising endothermic processes at the catalyst rather stabilize the available gas temperature in both experiments I and II.
To analyze the in situ monitored acetylene conversion fraction, it is important to clarify first its meaning on the basis of the gas phase Raman spectra, as by monitoring the gas flow composition during experiments I and II and during the experiments carried out without applying any catalyst, X C 2 H 2 is ultimately accessible. Thus, the estimated carbon source conversion involves the C-C bond dissociation of the fed acetylene molecules either for gas pyrolysis, formation of other minor gaseous compounds or in fact, for carbon-catalyst dissolution to form solid carbon structures. By looking now at the temporal progress of X C 2 H 2 during experiments I and II (see Fig. 13 ), it can be noticed that right after feeding acetylene at t = 0 min, the X C 2 H 2 curve progress exhibits a steep increase due to the slow stabilization of the adjusted acetylene volumetric flow rate (0.85 SCCM). Afterwards, a slight reduction of the conversion fraction is observable until it reaches a steady level at X C 2 H 2 -I ¼ 0:55 and X C 2 H 2 -II ¼ 0:65 for experiments I and II, respectively. For comparison, the attained rather constant conversion levels of the experiments conducted without any catalyst are X C 2 H 2 -A-without cat ¼ 0:42 AE 0:02 and X C 2 H 2 -B-without cat ¼ 0:51 AE 0:06 at locations A and B, respectively. Similar to what has been observed in the gas temperature progress, we find that X C 2 H 2 -B > X C 2 H 2 -A , with and without applying a catalyst. In the case where no catalyst was used, this may be attributed exclusively to the fact that the rate constant of the thermal decomposition of acetylene is known to be a function of temperature and can be described with an Arrhenius approach [48] . Consequently, it is likely that higher acetylene conversion fractions are on hand at regions exhibiting higher temperatures. In the case of experiments I and II, the additional effect of the implemented catalysts on the acetylene conversion fraction has to be taken into account. When comparing first the acetylene conversion fractions measured at location A, we find that when applying the catalyst prepared via the spin coating method, approximately 13% more acetylene is converted or dissociated than in the case where no catalyst is used. As both a relatively low carbon deposition yield and a slow catalyst activity with negligible endothermic processes were on hand, it is likely that only a small fraction of the dissociated C atoms were dissolved in the catalyst to form new solid carbon structures and the majority remained in the gas phase, forming minor gaseous by-products. However, based on the acquired Raman spectra in the gas phase, the potentially generated gaseous compounds could not be observed within the regarded spectral range. Regarding now the conversion fractions monitored in location B, a slightly higher acetylene conversion difference of 14% is observed when comparing X C 2 H 2 of experiment II with X C 2 H 2 of the experiment conducted without any catalyst. By correlating this information with the gas temperature T II and the insights attained from the in situ and ex situ characterization of the solid phase, it can be inferred that due to the higher catalytic activity, which entails predominant endothermic processes and high deposition yields of mainly amorphous carbon, it is likely that the dissociated C atoms are employed for the formation of solid carbon nanostructures instead of recombining in the gas phase.
Similar to the temporal progress of the gas temperature, the attained rather constant level of the acetylene conversion fraction imply that no greater gas recirculation occurs. However, in the reactor outer region, temperature and concentration gradients may arise influencing the acetylene conversion fraction at measurement location B and thus, leading to larger X C 2 H 2 standard deviations than at location A.
At last, further insights can be gained by correlating the information about the gas phase parameters with the in situ parameters and observations from the growing solid phase. As previously mentioned, at the selected CCVD operation conditions for both experiments, the rather slow activity of the spin coating catalyst is beneficial with regard to purity, as no amorphous carbon was formed and consequently, with regard to the resulting better quality CNFs, which do not deteriorate their structural quality while growing. The corresponding gas phase parameters suggest that the endothermic processes taking place at measurement location A are not significant compared to the exothermic thermal decomposition of acetylene, and that a major part of the dissociated C atoms is likely to recombine in the gas phase, thereby avoiding the deposition of amorphous carbon. In contrast, the MOCVD catalyst shows a high catalytic activity, which leads to a high amorphous carbon deposition yield and therewith, to a worsening of the I D /I G ratio while growing, followed by a rapid catalyst poisoning. Since the gas phase parameters suggest significant endothermic processes taking place at measurement location B, it is likely that the majority of the available C atoms are used for solid deposition and not for gas phase reactions. Thus, by monitoring the gas phase in different locations apart from the substrate, further insights into the catalyst activity, the thermal processes and consequently, the effects that gaseous by-products might have on the resulting carbon nanostructures are accessible.
Conclusions
The present paper reports on the first results of the successful application of an in situ measurement technique based on linear Raman spectroscopy, which has been established to simultaneously monitor the parameters of interest in the solid and gas phases during the formation and growth of carbon nanostructures in a cold wall CCVD reactor. Thus, it is possible to assess the catalytic activity departing from both in situ solid and gas phase parameters, offering therewith new possibilities for process fundamental research and process optimization towards a CNT-tailored production. For this purpose, further improvement of the gas phase Raman spectroscopy setup would contribute to the detection and quantification of new gaseous compounds formed during the CCVD process and thus, to fully understand their role on the resulting carbon nanostructures. The spectroscopy setup for the solid phase analysis can be further optimized towards better SNRs, since the SNRs available from the emerging solid phase are rather low for a reliable quantitative analysis, especially during the first stages of formation and growth. For the SNR enhancement, an increase of the growing carbon structure population would be also beneficial. The application of a more sharpen catalyst aiming to synthesize high-populated SWNTs would enable the in situ monitoring of samples with less structural disorder and also, the access to the radial breathing mode (RBM), which is a SWNT feature and provides information about diameter distribution. Moreover, in situ monitoring a systematical investigation of the CCVD parameter space will offer new possibilities to study the chemical and thermal processes taking place inside the reactor as a function of the varied parameters, so that optimal CCVD operation conditions can be set for defined materials (catalyst, substrate, carbon feedstock).
